The objective of the study was to determine the stability of fried fish crackers during storage at different temperatures. The physicochemical properties and lipid stability were examined at 25, 40 and 60°C for three months. Fried fish crackers were packed into two types of packaging with four different layers; (i) polyethylene terephthalate-polyethylene-aluminiumlinear low density polyethylene (PET-PE-ALU-LLDPE), and (ii) oriented polypropylene-polyethylene-metallized polyethylene terephthalate-linear low density polyethylene (OPP-PE-MPET-LLDPE). The linear expansion and oil absorption in control fried fish cracker was 75.67 ± 5.86% and 27.86 ± 0.79%, respectively. The initial moisture of cracker ranged from 4.41 to 5.40% and decreased to 2.76 to 3.75%. There were also reductions in water activity of crackers from 0.503 to 0.243. For color, the loss occurred gradually within the storage time from 64 to 47% (L*), from 27 to 19% (b*), and increased from 4 to 9% (a*) due to lipid degradation. For both packaging, the hardness of crackers decreased significantly at 25°C and 40°C, but increased at 60°C. Regardless of temperatures and types of packaging, crispiness increased significantly throughout the storage. This textural changes were possible cause by a decrease in moisture content. The lipid yield of the cracker was not stable within the storage time and the concentration of conjugated dienes and thiobarbituric acid reactive substances (TBARS) showed a gradual increase. These results showed that fried fish crackers in the storage study had undergone lipid oxidation where changes in physical and chemical properties were observed.
Introduction
Many manufactured snacks are low in protein, vitamins and other nutrients but high in calories and fat. 1, 2 Snack products that usually consist of most carbohydrate and fat can be formulated with higher protein content and nutritional value by incorporating high-quality protein sources such as fish, pork, beef and chicken as well as legumes (peanut and soybean). 2 Fish has been known to serve as an excellent alternative to meat due to its low cholesterol, high protein, high digestibility, and high polyunsaturated fatty acids such as omega-3 3 as well as essential amino acids. 4 To increase the uptake of fish, fish crackers are a suitable alternative to other snacks. 5 Therefore, development of fish crackers with high nutritional value of sensorysatisfactory are a suitable strategy to replace less nutritious ready-to-eat foods. 6 Usually, marine fish is used rather than freshwater fish in producing fish crackers. 7 Both the pelagic and demersal fish can be utilized to manufacture fish crackers. However, the nutritional composition on these fish categories varies in term of protein and lipid contents that will influence the quality of the crackers. 8 The round scad fish (Decapterus ruselli) in the Carangidae family is categorized as marine pelagic finfishes, comprises approximately 46% of edible portion; and contains 74.7% moisture, 22 .3% crude protein, 2.4% fat and 1.5% ash. 9 Fried fish crackers are produced by mixing fish, starch, salt, sugar, monosodium glutamate, monosodium bicarbonate and water to form dough, which is then molded into required shape, boiled, thinly sliced and dried. During deep-frying, fish crackers are enlarged into a low-density and porous product. 10 Normally, fish crackers made with more flour than fish meat, but fish meat can be incorporated from 30 to 50% of the total ingredients weight. The options for fish meat in fish crackers depend on the fish type, quality, and quantity. 11 Quality of fried food, particularly odor and taste, are negatively affected by many oxidized compounds formed in the process of frying. 12 During frying, moisture migrates from the internal cells of food and oil will slightly substitute the evaporated water. 13 Furthermore, the thermal and oxidative reactions take place in oil will cause oxidative stability that affects the deterioration of deep fried food during storage. 14, 15 During processing and storage of fried foods, lipid oxidation is one of the major deteriorating reactions, which is further enhanced by low water activity. This consequently leads to the development of various off flavors which causes the food to be less acceptable. 16 It can also be recognized by oily 'rancid' off-flavors and odors or painty characteristic. It also alters the physical properties, degrades the molecular functionality and potentially forms toxic compounds. 17 Among important characteristics of food food packaging are flexibility/rigidity factor and barrier against gas, water vapor, light or flovor. 18 In most fried snacks, it is important to supply a light barrier than either oxygen or moisture barrier because the UV radiation will cause rancidity faster than the dark exposure of the snacks to oxygen. 19 The food packaging industry will formulate multilayer films by lamination or co-extrusion of different polymers. The combination of different polymers will produce a film with a unique chemical, physical and mechanical characteristic. 20, 21 Minimizing sunlight and UV radiations effects, aluminum was suggested to be a good option as food packaging. 22 Nowadays, usage of plastics as packaging material amounts to 30% from other materials. For example, polypropylene (PP) film has been used to replace glassine paper for potato crisps. Exposures of fatty foods to light is critical because it will accelerate the oxidation process and the rate of rancidity. The shelf life of potato crisps will become longer if a metallized film is incorporated with a light barrier packaging. 23 PP film is usually biaxially oriented (BOPP) and this has become the material of choice for snacks, biscuits, cakes, and confectionery products, due to its high strength and adequate barrier properties, even at very low gauges. 24 Previous study by Neiva et al., 6 showed that the physicochemical and mirobiological characteristics of dried, non-expanded fish crackers were not affected after 180 days of storage. Sensory wise, microwaved fish crackers with lower fat and contained long-chain omega-3 fatty acids, were preferred over fried fish crackers. Therefore, the present work was aimed to determine fried fish crackers' shelf life stability during the storage period of 90 days at25, 40 and 60°C by analyzing their physico-chemical properties. Besides, the effect of packaging materials on lipid oxidation was also examined.
Materials
Fresh round scad fish (Decapterus ruselli) was purchased from Pasar Borong Selangor, Malaysia. Tapioca starch, sago starch, salt, sugar, monosodium glutamate, sodium bicarbonate and palm oil were obtained from a local shop. The analytical-grade chloroform and isooctane were purchased from Fisher (USA). The analytical-grade methanol was purchased from Merck (Germany) and TBARS kits were purchased from Cell Biolabs (USA).
Methods

Preparation of Crackers
The preparation of fried fish crackers was performed following the recipes of Department of Fisheries, Malaysia, with a slight modification. First, fish meat, tapioca and sago flour, salt, sugar, monosodium glutamate, sodium bicarbonate and iced water were mixed thoroughly using a mixer until a dough was formed. Next, the dough was molded into cuboid portions ≈2.5 cm and boiled for 30 min at 100°C. Then, the boiled dough was drained and chilled overnight (4°C), thinly sliced (≈2 mm) and dried in a cabinet dryer at 40°C for 2 h (Richentek, China). Next, the dried slices were deep fried in palm cooking oil at 180-200°C for 30 sec using an electric fryer (Cornell Deep Fryer, Malaysia).
Determination of linear expansion
The linear expansion of fried fish crackers was obtained following deep frying. 25
Determination of Oil Absorption
The oil absorption of fried fish crackers was measured according to the method proposed by Mohamed et al., 26 Samples were removed for analyses at 1, 2, 3, 4, 6, 8, 10 and 12 weeks intervals.
The Effect of Storage Temperatures and Periods
Determination of Moisture Content
The moisture content of fried fish crackers was determined using oven-drying method AOAC. 27
Determination of Water Activity
The water activity of fried fish crackers was determined using the Water Activity Analyzer (AquaLab, USA).
Determination of Color
The color (lightness, redness and yellowness; L*, a*, and b*) of fried fish crackers was measured using Ultra Scan PRO (Hunter Lab, Japan).
Determination of Hardness and Crispiness
Using the penetration test, the hardness (kg) and crispness (kg.sec) of fried fish crackers were measured by Texture Analyzer (TA-XT2 Stable Micro System, UK) . The conditions of the texture analyzer were as follows: pre-test speed = 1.0 mm/sec; posttest speed = 5.0 mm/sec; test speed = 2.0 mm/ sec; distance = strain, 100%; time = 5.0 sec; trigger type = auto; trigger force = 10 g. For each sample, the measurements were repeated nine times and their average was taken. The fish crackers were put above a support rig and penetrated using P/5S stainless steel ball probe (5 mm diameter). This rig was used to measure the fracturability by means of a penetration test.
Extraction of Lipids
The extraction of lipid in fried fish crackers was performed using method described by Wan Ibadullah 28 with slight modifications. Fried fish crackers were mixed with chloroform-methanol (2:1) in 1:5 (w/v) ratio, flushed with argon, left for 30 min, then centrifuged at 10,000 rpm for 15 min at 4°C. The supernatant was collected, the extraction was repeated, and the two extracts were pooled. The meal of fried fish crackers was dried for 2-3 h at room temperature and used for protein analyses. Following extraction, the supernatant was evaporated at 40°C using a rotary evaporator, and the extracted lipid of fried fish crackers was weighed to determine the lipid recovery based on initial sample weight. Dried lipid extracts were flushed with argon, sealed, and stored at -18°C for further analyses.
Determination of Conjugated Dienes
The conjugated dienes in the lipid extracts of fried fish crackers were determined by a modified AOCS standard method Th 1a-64. Firstly, 30 μl oil was diluted in 10 mL iso-octane. Absorbance at 234 nm was measured against iso-octane blank using quartz cells. Concentrations of conjugated dienes (mM) were calculated using the Beer's Law as follows with a molar extinction coefficient of 29500 for iso-octane:
Where, A is the absorbance value; b is the thickness of cuvette (1 cm); ε is 2950 M -1 cm -1 ; and c is concentration (mM).
Determination of Thiobarbituric Acid Reactive Substances
OxiSelect™ TBARS Assay Kit (MDA Quantitation) was used for the determination of TBARS and prepared according to manufacturer's instruction. Firstly, 100 μL unknown samples or MDA standards was placed into separate microcentrifuge tubes prior to addition of SDS Lysis Solution (100 μL). The solutions were mixed thoroughly; then incubated for 5 min at room temperature. Next, samples and standard were mixed with TBA Reagent (250 μL), incubated at 95°C for 45-60 min and cooled at room temperature in an ice bath for 5 min. Then, the tubes were centrifuged at 3000 rpm for 15 min. The supernatant was removed for further analysis. An amount of 200 μL of the MDA standards and samples were transferred to a 96 well microplate compatible with a spectrophotometric plate reader. The absorbance was measured at 532 nm.
Statistical Analysis
Statistical analyses were performed using Minitab statistical software (Minitab 16, Minitab Inc, Pennsylvania, USA). The analysis of variance (ANOVA) was performed to compare the means of data. All determinations were done in duplicate and presented as average. Tukey Test was applied to compare the average mean values. The confidence limits used in the present study were based on a level of 95% (p < 0.05). 
Results
Table 1: Moisture content (%) between packaging A (PET-PE-ALU-LLDPE) and packaging B (OPP
Fig. 3: Conjugated dienes concentration (μM) between packaging A (PET-PE-ALU-LLDPE) and packaging B (OPP-PE-MPET-LLDPE) over 12 weeks of storage at three different temperatures
Fig. 4: Conjugated dienes concentration (μM) between packaging A (PET-PE-ALU-LLDPE) and packaging B (OPP-PE-MPET-LLDPE) over 12 weeks of storage at three different temperatures
Discussion Linear Expansion and Oil Absorption
The linear expansion for control fried fish cracker was 75.67% ± 5.86 while the oil absorption of fried fish cracker was 27.86 ± 0.80. Yu 29 proposed that linear expansion of fried fish crackers should be greater than 77% for crispiness. The amount and type of fish and flour used contribute to the linear expansion of fried fish crackers. 26, 29, 30, 31 Fried fish crackers with higher linear expansion had higher oil absorption. Similar observation was reported by Huda et al., 32, 33 and King. 30 They postulated that fried fish crackers with higher degree of expansion formed more air cells that were able to trap more oil. In addition, the main reason of oil absorption during cooling was due to development of pore size distribution (observed under scanning electron microscope) in the frying process. 13 During frying, smaller pores trapped more air that caused higher capillary pressure when product was cooled.
In turn, product absorbed more oil.
Moisture Content of Fried Fish Crackers
Moisture contents of fried fish crackers stored at 25, 40 and 60 O C for 12 weeks of storage were shown in Table 1 below. Moisture content of the fried fish cracker stored in packaging A were found to be low; ranged from 2.76 -4.84%, than the moisture of fried fish cracker that was stored in packaging B; ranged from 2.94 -5.40%. The moisture content at 60 0 C in both packaging showed the lowest moisture and progressively decreased starting at week 6 of storage period. There were significantly small changes (p < 0.05) in loss of moisture content during the 12 weeks of storage.
The moisture contents of the fried fish crackers were lower as expected as they were dry product. 34 The moisture contents in the current study were lower as compared to those reported by Yu, 29 23 If foods are dried to a much lower moisture content (less than about 2-3%), they may instead become susceptible to oxidation. 36
Water Activity of Fried Fish Crackers
From the results shown in Table 2 , the water activity of fried fish crackers decreased during the three months storage. Overall, crackers that were stored at 25, 40 and 60°C had gradual decrease in water activity until week 12. At 60°C, a significant decrease in water activity was noted during three months of storage in both packaging A and packaging B. The decrease of water activity could be directly related to the loss of moisture content in crackers due to higher storage temperature at 60°C. The sample at 25°C had the highest water activity in packaging A and packaging B with a value of 0.500 ± 0.004 and 0.492 ± 0.005 respectively, followed by crackers at 40°C with a value of 0.406 ± 0.005 and 0.454 ± 0.008 aw, and crackers at 60°C with a value of 0.357 ± 0.005 and 0.371 ± 0.003 a w .
Water activity control is among the most used method to optimize food quality. The safety and shelf life of food products can be estimated by observing and controlling the water activity. The result showed that Packaging A had better capability than Packaging B in retaining water activity of fried fish crackers stored at 60°C. Packaging A showed that water activity of crackers reached 0.3 at week 6, whereas water activity of crackers in Packaging B had significantly reduced to 0.3 as early as week 2. The other two storage temperatures (25 and 40°C) for both packaging showed a gradual reduction in water activity, but did not go lower than 0.3 by the end of week 12.
Water activity control has become the traditional approach for optimizing food quality and the chief means of predicting and controlling the shelf life and safety of food products. Lipid oxidation rates were also found to increase with increasing water activity, after going through a minimum, owing to the increasing diffusion rates of reactants and exposure of catalytic sites as the product swelled during hydration. 37 These findings imply that there is an optimum water activity range for maximum product shelf life. 38 The range of water activity stated by Esse and Saari 39 for crackers were 0.30 -0.40 a w . The rate of free radical oxidation of unsaturated lipids decreased from 0.0 to about 0.35 a w upon which the rate gradually increased with water activity. The observation in most dry cereal products with 0.35 a w corresponds to a moisture level of 8 ± 10% which is the amount of water necessary to form a protective monolayer over the surfaces of polysaccharides and proteins that are associated with unsaturated lipids. This monolayer acts as a barrier to free radical oxygen attack on the carbon-to-carbon double bond system.
From the results, the water activity decreased from 0.503 to 0.243 a w . Food stability maps 37 indicate qualitatively that, for a given product, at very low water activity (< 0.3 a w ) and moisture contents, lipid oxidation and other free radical reactions occur more rapidly than at higher water activity (water has been shown to shorten the lifetime of free radicals), 38 whereas, at high relative humidity and moisture contents, biological reactions (enzyme activity, microbial growth) occur with increasing rates.
Color of Fried Fish Crackers
The lightness (L*) of fried fish crackers incubated for 12 weeks (Figure 3 The lightness (L*) of fried fish crackers decreased as time and storage temperature increased in relation to the darkening of the characteristic whitish/ greyish color due to oxidative spoilage. 40, 41 The frying process may cause lighter color of the fried product because high temperature denatures and oxidizes fish protein. The denatured and oxidized amino acid and Maillard browning forms colored compounds. 42, 43 Chemical environment of fried food (i.e. water activity, reaction temperature, pH, food composition) will influence the rate of Maillard reaction. 34 For both types of packaging, the a* (redness) values of fried fish cracker showed a small but significant increase starting from week 6 onwards. At 25°C, Packaging A had significantly lower a* value than other storage temperatures, but Packaging B showed almost consistent a* value at all storage temperatures. On the other hand, b* (yellowness) value in both packaging and all storage temperatures fluctuated throughout the storage time. However, the fluctuation was more prominent in Packaging B after week. 3 Non-enzymatic browning reactions involving lipid oxidation products and amino acids in protein is suggested to be the cause of yellow pigment formation in muscle foods. 44
Hardness and Crispness of Fried Fish Crackers
Based on Figure 4 , the hardness of the fried fish crackers decreased significantly (p < 0.05) as storage time increased from 1.380 to 0.793 kg (at 25°C) and 1.360 to 1.040 kg (at 40°C) in packaging A. Samples in packaging B also showed a significant decrease from 1.503 to 1.000 kg (at 25°C) and 1.773 to 0.993 kg (at 40°C). For example, specific lipid oxidation products will affect the protein properties such as loss of texture, fragmentation and solubility changes in food products. 45 However, at 60°C, the hardness increased significantly (p < 0.05) for both packaging A (0.907 to 1.390 kg) and B (0.893 to 1.320 kg). Hardness is described as the compactness of structural organization of starch and protein complexes. So when fat migrates, the hardness value decreases. The increasing hardness of the crackers at 60°C could be due to the higher loss of moisture content in the crackers. When water loss is higher in food, the texture becomes harder and drier.
The crispiness of fried fish crackers in both packaging A and B ranged from 6.94 to 12.45 kg.sec, increased significantly (p < 0.05) with the storage time but storage temperatures showed a non-significant (p > 0.05) increase. The reduction in moisture content, due to migration or being taken up for other reaction, gave firmer texture on the surface and consequently increased the crispiness. The major cause of reduced physical quality in food is moisture migration. This results in reduced crispness in fresh produce and dry products. 23 Table 5 shows lipid yield obtained from fried fish crackers stored at 25, 40, and 60°C in packaging A and B, which were less than 25%. The pattern of the lipid yield obtained was however not uniform. However, the lipid extracted showed an increase from week 6. The lipid extractabilities did not significantly change over the incubation time. The colors of lipid extracted changed from lighter to darker and became more viscous towards the end of storage. Oxidation product which was soluble lipid contributed to the increment of lipid extractability and color of the oil. 45 Figure 6 shows the conjugated dienes of fried fish crackers in packaging A and B over 12 weeks of storage at three different temperatures. Conjugated dienes showed a significant increase (p < 0.05) in concentration from week one to week eight then decreased until week 12. This is probably that conjugated dienes (primary products) are broken down into secondary products (which do not absorb UV-visible light strongly) which lead to a decrease in absorbance. The concentration of conjugated dienes was highest at 60°C during week eight with 1146.22 ± 32.69 in packaging A. Conjugated dienes can be the marker for the onset of lipid oxidation. Conjugated dienes, the initial products in autoxidation, are formed during the oxidation of unsaturated fatty acids with two or more double bonds to achieve a stable resonance structure.
Lipid Extractability of Fried Fish Crackers
Conjugated Dienes of Fried Fish Crackers
The stability of fried foods is affected by lipid oxidation, which yields both primary and secondary oxidation compounds. Primary oxidation compounds, such as lipid hydroperoxides, are formed in an initial stage of lipid oxidation, increasing in level as oxidation advances, until reaching a plateau, and later decreasing because of degradation into secondary oxidation compounds such as aldehydes, ketones and hydrocarbons or interaction with other food components. 46 Almost immediately after peroxides are formed, the non-conjugated double bonds that are present in natural unsaturated lipids are converted to conjugated double bonds. The interaction of lipid oxidation products with proteins is also significant and there are several ways in which they react. 47, 48 Hydrophobic and hydrogen bonds between lipid peroxides or other products of lipid oxidation and protein are very extensive. Lipid free radicals can interact with several amino acids in protein molecules to induce protein free radicals. The end products of such reactions may be polymers formed by proteinprotein cross-linking and complexes involving lipidprotein cross-links. 48 Thiobarbituric acid reactive substances of fried fish crackers From Figure 7 , the secondary products of lipid oxidation showed an increase in concentrations of thiobarbituric acid reactive substances during the three months storage, except for samples in packaging A at 60°C. The later showed a decreasing pattern in week 2, but increased significantly in the third week. The lipid oxidation was found to accelerate with increasing temperature, which was unexpected for active lipid oxidation. A possible reason for this phenomenon is, instead of accumulating, the oxidation products were rapidly decomposing or transforming to other products. Significant different was observed only in the packaging A at three different temperatures for first week of storage until week eight, but was not observed in later storage period. Meanwhile, in packaging B, the TBARS value for samples stored in 25°C and 40°C increased non-significantly.
After ten weeks, there were noticeable reductions of secondary products. These products serve as a marker for assessing the extent of lipid oxidation. The major degradation product of lipid hydroperoxides in oxidized food is malondialdehyde. Lower TBARS indicates loss of mostly lower molecular weights volatile lipid oxidation products. Initiation and acceleration of lipid oxidation are affected by various mechanisms including the production of singlet oxygen, enzymatic and non-enzymatic generation of free radicals and active oxygen. 49 Furthermore, volatile oxidation products with low molecular weight could be lost during storage. As aforementioned, the increased in TBARS can be explained by the further reaction of primary oxidation products.
Conclusion
The physicochemical analyses performed in the present work demonstrated decreasing patterns in moisture content, water activity, lightness (L*), and hardness while increasing patterns in redness (a*), yellowness (b*), crispness and oil extraction of fried fish crackers during storage. Lipid oxidation as measured by conjugated dienes and thiobarbituric acid reactive substances initially increased, then alternately increased and decreased in cycles with a consistent downward trend with low levels of oxidation throughout incubation The development of notable off-odors and flavors during incubation demonstrated that low oxidation values occurred in the fried fish cracker. Packaging B with 0.8 moisture vapor transmission rate (MVTR) and 0.8 oxygen transmission rate (OTR), higher than packaging A with 0.05 MVTR and 0.05 OTR showed higher resistance of fried fish crackers towards lipid oxidation. The effects of storage condition and packaging materials demonstrated in the present work would give insights on prolonging shelf life of fried fish crackers.
